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s'jii::Anr 



This report preGonbc tlie results of oxperiraontn on a dovioo for 
produoin^ thrust for undonvator propulsion. The nrinoiplo of tho device 
is based on aooeleratin:'^ a larf;o mass of water by expansion of a snail 
nasG of tho gos hoinG in.-jected continuously into the water. The 

investi ration oonsistod of tents oonduoted on ducts of several different 
dosiGnsj varying the exit area of the ducts, t^io water arid f'as flow, and 
the method of injeoti?:r’ and mixinn t!ie ’wa-tor. 

IJsinG hydroGon a rate of 0.0165 Ibs/soc nt a vmter f lov; rate 

of 27.4 Ibs/sGC, a naxiriaju gross tlirust of 29.2 lbs %-ms obtained. \t 
this water flow rate tlie internal friction drag of the duct v/as 20.5 lbs, 
Giving e net thrust of 8.7 lbs. Tho effective exliaust volooitr' for tliese 
flow rates wan 06,900 ft/soc. Thin in equivalent to a opeoifio iinpulce 
of 1,770 sec., vdiorean a good conventional rocket fuel would have a 
opeoifio inpulso of about 250 sec. At lot/ gas flov7 rates an effective 
exhaust velocity/ of 296,000 f-t/soc. VTan obtained. However, at thin lor; 
gas rate the gross thrust was less than the internal friction draf'* of 
the duct. 

Effective oxiiaust velocity Is aefined as ^roos thrust divided 
by tho rauGB flOt, rite of and has the diraansioas of velocity. 
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71)0 doc Ir ability-' of a dev:\co for i.ndcr\7.ctor propulcior: ucin;; direct 
r:n.c in.-*ntio'^ ''r a'^rlor^ouc to tao dorvirability of the rnnjeb for propulsion 
in tho •^t^ospbere. Propollorc for unJerv/ater propulsion .ere United by 
oavr.totion T/iio3: occur at oxcoccivo tip speeds. Conventional rookotc are 
!iot idorl for ’mdonvater propulsion since all of the nass expellod rrust 
be oarriod vrithnn the roclret. Por efficient hlf*h speed propulsion then, 
a device is needed rhich uses’ a snail nass of self-contained fuel to ao- 
celerate a larf;o nrsc of ambient fluid. In tlie ramjet the amJjient fluid 
is air, r/hile in the hydroduct it is v/ator. The hydropulso is based on 
tlio sane principle as tho hydroduo t, but operates intornittently instead 
of continuously. 

Tho purpose of tho investication covered by tliis report v/as to de- 
termine a desipn for a jiydroduot v/hioh \/ould produce an effective thrust. 

In order to accomplish this purpose, ducts of several different shapes 
and di'^0ns5.ons v;ere tested. Tlio experimental results obtained vjore tiien 
compared v/ith theoretical values to determine the relative effectiveness 
of each desi-^n. For fos rates at r/hioh positive nob thrust was produced, 
experimental values vrare very mucli iov.^er thoii theoretical. T'nerefore, 
various methods of incraasinf^ the performenoe at hip;h r*as rates vrare in- 
vestineted. Those netliods rrore : inoreasintt the vmter flov/ rate, injecting 

tho gas so that proper nixinf; v/ould talce place, installinp; devices to 
promote turbulence in tho rnxinf, section, and adding do Laval nossios to 
the exit section. 

Purtbor inves tiration is necossory to doternine the optimum design 
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for a hydroduot. It is bGliOVod tliut f-jrther experinonts vrJ.ll brinn 
porfoi'r.uiico a'j hir;h ';as ratoj olosor to theoretical values. 

Other i:.vcstif,i.tii''nc have ogou uaJo ou the I'^droduot principle, 'hx© 
prel'hii'iary bhoorotioal \x>rl. \;r\a done by Dr. .7, V. Jxaryk, Jet Propulsion 
Labor utory-OAL JIT, Pro.r:resG Rcporu Uo. 2~2, G IJovor.iber 1943. 3ouo "'ost 
uTork v;ac done by .Jbndr. J. J. 3are.nov/ski , TT.S.h. and 'Lt. Jondr. D. A. 

Soilor, tJ.?. , using a duct of fixod dosign and vfu’yinr; the v.'ator and 
ras flow. R. J. Brurl'iold has v.ritton a toohnical nQr.iorandun for tiiG 
Undenvater Ordnance Division, T>TS, oou corning the Jiydroduot for torpedo 
propulsion. 

This invoG tigation was cond'xotod at tho i^’^drodynanics Section of 
the Jot Propulsion Laboratory, California Instit'it© of Technology, Pasadena, 



California. 
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DESCRIPTIO’J OF APPARATUS 



Tiae apparatus used in parforninn: tho oxporiwonts nay be divided into 
four f^enerol subdivisions i 

(1) Tho hydroduot body. 

(2) Tho water supply systen. 

rs) Tho thrust rr-oas’-iring devioo. 

(4) Tho S'jpply oystora. 

T:ie hydroduct bodies (fifriroo la, Ic, 5a, and 8) oonsictod of throo 
major parts? tho ontranco and diff-isin'?; sootion, the injection ruid 
nixin‘'; section and the contractinn ooction i7ibh outlet nozsle. All sections 
V/T3re nado of luoito to afford observation of tlxo fluid flo'w. Tiiroo differont 
diffixser sections (figures la, Ic, and 8) vraro used to obtfxin data for de- 
tornininy tho offoct of this sootion on tho ovorall perfornanoo of tho duct* 
Figure lb shovTS tho location, of the eight l/4-inch gas supply tubos on tho 
poriphoi’y of tixo gas injootion and nixing sootion. Inside the nixing sao- 
tion vai.’iouG typos of dovices for inducing turbulonce were used. TIigso . 
are shovn in figures Gb, 5o, a-xd 5d, Figaro 5b shov/s a grid of ovenly 
spaced ovlindrical bars. Figure 5c shows beads strung on wires to .form a 
uniform nnth.orx of cplicren» Pi giro 5d shov/s a conbination injector and 
" turbulotor" . The contracting section Imd a 2" insido dianoter exit nozsle. 
To vary t*'e exit uroa, nozzlos havin'^ 1" .62 and 1” .44 insido diamoters 
could be Gocurod to t}:6 2" section. Tlxo hydroduct body in fi;*uro 8 also 
provided for the atto.ch-nent of da Laval nozzlos to tho 1" .44 oxit section. 
■'■>ros£;uro ra^es vroro located at the ontranco, injection, and outlet sections. 

— 3 — 
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The v;ator c rpply to the cliot was obtained fron a 4” diameter main. 
Thio v;as radueed to a 2” dianotor and finally to a 1” diaraotor at the en- 
trance of the duct. A f^ato valve in the main line T»as used to control 
the water flow. 'I^ie rate of flov/ was indicated by a mercury manometer 
vvhioh rneasnrod the pressure drop across a calibrated orifice. Calibra- 
tion cui'ves of nanometer readinj^s vs. water flow in gallons per minute 
were plotted to obtain tho mass rate of flow. The orifice plate used v;as 
designed to measure flow rates from 60 to 220 gallons per minute, giving 
an approximate naximm inlet velocity of SO ft/seo. 

The duct v/es mounted in a cradle, fif-;ure 18 , wiiioh rolled on and 
was guided by ball booi-ings. Tho tlirust measuring device was attached to 
tlio cradle. Thrust v/as raeasured by tho deflection of a sylphon bellows- 
spring oonbination, figure id . The volumetric change inside the bellows 
actuated a column of liquid in a manometer from which the thrust could be 
readily obtained. "s shovri in the figure, two sylphon bollo\7S were used 
in order to measure th*e thrust v/hon it vms less than or groator than the 
drag produced by the water flov/ing through tlie duct. ^ 

The P- 0 S supply system consisted of thu’oe main parts j the gas weighing 
device, tlio '-as flow rate control devices, and the gas injectors in the 
duct. The p'as v/oi"*hinr device consisted of a beam balance resting’ on a 
Imife edge. The gne supply bottle was mounted on one ond of the balance, 
aiid compensating v;oi"hts on tho other end. (Figure 12), As gas was used 
from tho bottle, the movement of tho balance vms recorded by means of a 
miicromotor dial indie otor, Tho difference in readings of the dial before 
and after a run •^eva tho weip'ht of ray used. Ifelibration curves of dial 
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roadinr; vs« pounds of c^as v/oro mn.de for use in oalculationc. Tho acouraoy 
of the device was hip;h since one division on the niorometor represented 
0.S5 r^rnms 'tc. The connootions to tiie r^as bottle for rofillinf; v/er© 
pemanent fittinrjc. These linos, wore so attached that they TToro free to 
move Tvjth the balance, and tlioir only effect was to sliglitly danp its 
notion* The time of oaori run was recorded witli a stop watch and tliuc 
the averane moss rate of flov; durinn the run was doternined. 

The ras from the supnly bottle passed through a dehydrator nado of 
porous T!\etal and containing potossium hydroxide, and th-en tliroug}i a pressure 
regulator into the injector supply manifold. The manifold had one inle.t 
stop valve and sepai’ate stop valves for the eight gae supply lines leading 
to the i’^j.eotnrs* This system provided a very flexible and effoctivo con- 
trol for the ras sunply to tho duct* ihc injectors used v/ore of tlu’eo 
main t;/oos j the porf orated type shovn in figure I section G-C, the open 
end type sho\-n in fip;ure I section 3-h, and the porous metal tyoe shoxm 
in fi.guro lb. The perforated “lype had ras ovitlet holes drilled in dia- 
metrically opposite lines alonr the sides of the tubes. The tabes could 
be rotated on that the gas flow onuld be directed in any desired direction 
relative to the water flow in the d lot. Tho onon end trpo was not per- 
forated and ner’^ltted only tho l/4" diameter gas outlet at the distal end 
of the tube. Tho porous metal type consisted of a hollov/ thin walled 
gas charibor made of porous bronze. Gas from inside this cliamber passed 
tlircughj the minute passages in the porous walls into the nixing section 






of the duct. 
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TEST PliOCED'JHE , 



The proaodure for oonductn-'in a test or run nay be listed in the 
follorr.n^ stops t 

( 1) Open v/ater nain ':ato valvo and 0 Gta‘'lish docirod vmtor flo’.7 rato 
tliro'afrh duot. 

(2) Adjust f^ao prossure to r;ivo desired flo;/ rate of r^as. 

(S) pooord too follov;inn roadin'^sj 

(r) b'atsr flor/ ’^anoneter. 

(b) Dial indicator on <^ac vroir^hinn devioe. 

(o) lihruot nmiorieter. 

(d) ProGSure at entranoo, injection, and outlet ooctions 
of the duct. 

(4) Onen individual gas injector stop valves. 

(5) Open stop \’’alve to gas manifold and start v/atoh simultaneously. 

(6) Record the follovring readinrp: 

(a) ?;ater flow ncjione ter. 

(b) Tlirust menonoter. 

( c) Pressure at ontraisoe, injection, and outlet soctions 
of the duct. 

fd) Gas regulator pressure. 

(7) ^'aJ:e visual observation of fluid flow and nixing during run. 
fp) At end of run close stop valve to gas manifold; stop watch, 
fr") Hooord the follov.h.nfj' readings: 

f a) Timo of run. 

(h) Dial indicator on gas weighing device. 

( o) Tj'irust nanoaotor. 

(d) Water flow nanometer. 



SYMBOLS 



Subscript 1 refers to conditions at inlet of hydroduct. 

Subscript 8 refers to conditions at end of diffiser before pas is 

Subscript ^ rofors to conditions at nixinj^ section after {^is is in 

Subscript 4 refers to conditions at exit of hydrod’uot. 

Subscript f refers to vmtor. 

Subscript ^ refers to gns. 

Mo subscript denotes conditions at any arbitrary section. 

F - Thrust (ibs.) 

u - Effective exhaust velocity («1 ) (ft. /sec.) 

ei 1 . 

u - velocity (ft/soc) 
p - pressure (Ib/in^) 

T - Tenner atiro (° R. ) 

Dons it*/ (slu.'* ft^) 

R - B'crinoerin'-’ r^os constant ( BTU ) 

slue 

Re - 

irw 

li 

A ~ Area of cross section (ft^) 

V - Vo lure (ft.^) 



ni - !''o locular treip.ht (lbs) 

K - I'asG (sluoa) 

f \ 

yi< - ?^ass ratio of nas to xrator ( ) 

Ifif 



f u 

Dynonic prossuro-stetic nrossuro ratio f 

A, I I 

S ” Gas-vratar volume ratio ( ^ ) 

V 

- Velocity of sound in mixture of f^as and water. 
a« - Voloci'b^’’ of sound in t'as. 



injected. 

joctod. 
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ANALYSIS A:;D DI3JUS3I0N 



thic onalysio tlie follov/inj;; osGumptionR are made* 

(1) 'Tiio I'^OG obeys tJie lar/s of a perfect gas. 

(2) Tlio liquid is incompressible. 

(3) Frictional losses are neglected. 

(4) ^^ixing is perfectly oonpleted in the gas injection and 
mixing section. 

(5) The velocity in the nixing section is negligible. 

(6) Tho thermodynamic process of the mixture is adiabatic and 

ic equivalent to tl'.e isothermal expansion of tho gns alone.* 

(7) Tho pressure at the entrance section (Pj) equals the pressure 
at t'ne exhaust nozzle (P4). 

f 8) The pressure of thjs gas and tho mixture ere the same. 



Poforonco : Jet Propulsion (Air Techmical Service Corr.and) page 502. 



A. Entrance and Diffuser Section 



Fundaaental equations: 

(a) (0 A r M 

P lA^ 

(b) P '*■ "z constant 

From (a) and (b) 
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diffuser efficiency (/^) must also be considered. 
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which 



is tho general expression for the deiisity of tlie luixture. It is 
well to note at tjiis point that all terins on the right side of 



where P is the only pressure acting in tho mixture and is assumed 
to equal the pressure of the gas, equation III becomes 



Since the heat capacity of the liquid is much greater than 
that of tlxe gas, and sin^e the gas is injected as small bubbles 
which give instantaneous heat transfer from the liquid to the gas; 
the temperature of the mixture may be assumed to be constant and 
equal to the water temperature* Therefore equation lY gives a 
direct relation between the pressure and density of the mixture. 



From p, ^ ^ M ; lAv A^- Ms . A 3 = 



equation III are constant except forOg. Since p9 ^ 
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From the momentuin equation: 




From the equations III and V and continuity 



VI Pi. p. . pi ^,)] 
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Exit Nozzle Section 



From NovTton’e law of motion and neglecting friction, 

, dp 

lA <3 



jince 
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/M 



TF L ^ 



«iZa 



I* 



J ) 



i^ir 'l .^4 ■* p 



f<xL, 1 



0 



As discussed before, the pressure tera 16 a variable and 
is assumed to follow a thamodjmomic process which is isothermal. 

P, P 
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Subsltuting for constant R_ T_ 
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Upon integrating the above between and the following 
result is obtained. 
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The thrust of the hydroduct is 

F r C n. + Mi ) l \^ ~ Hi lA, 

To express the effective exhuuct velocity in a convenient 



manner for ooagparlson Kith a rocket cuotor* 
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Subsitutlng equation VIII in the above, 
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A plot 


of and 



optlauin area ratios for a giTen S oan bo obtained. 

D. Calcoiation of the Speed of Sound in the Mixture, (a^^) 

Frora the general equation of the density of the mixture. 

] 



u - J — r ^ -i A4 'hJj 



e 



yiA 4 I 

d ? 



I 



d P L ^ / a . \ 

Before the differentiation can be completed a theraiodynamic 
process for the gas must be ass::ned. Tvx) different cases will be 
considered. 

(1) Isothermal (Tg ti constant) 
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Tihero Y^ratio of specific heats fbr the gas. 
For the section of interest, the exhaust section. 
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(2) Adiabatic process 



3y differentation as before: 
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in the exhaust sect! n. 
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For ’.ydro^a gas at s':ardard conditions and of c0054, the 
Computed si^eods of sound in the mixture are 70 ft/ac>c« for isothermal 
assufiiptions and 83 ft/se-» for adiabatic assuraptiono* These values 
correspond to a ^ ox .603 as shoTjn in fi.par.' 13. At first these 
values seem to«low, since the speed of sound is high in both Heater 
and hydrogen, idth the following reasoning nov/over it is seen that 
sonic velocity is low in the mixture. 

The water is incompressible, the gas is coaix;roasible; therefore 
tlte elastic prorerties of the miEture arc deter..JLned by the gas. The 
mass of the mixture is determined by the liquid. This gas is anal jgous 
to a spring with a given spring constant '’k" which is loaded with , 
small mass equal to tlie inass of the gas. I/jaded in this manner 
the frequency is: , — _ — 



liow consider the load on tho spring increased by an amount 
equal to the mass of the water ”21". The spring constant frequency 



DOW beoause: 









which is much lower than the former value because of the added 
mass and the elasticity of the a ring, Guch is the case in the 
mixture of gas and water. The velocity of sound is greatly reduced 
by the elasticity of the gas and the mass of the water. 

One other effect can be seen fram the equations for the ^eed 
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of Bound as derived. As^M increases S Td.ll also increase. In 
other v.-ords, as the ratio of ths mass of cas to the jnass of liquid 
increases the ratio of the voluice of gas to the VDlume of liquid 
increases. The effect on the sxjeed of s' und Tdth increasing § 
is given in figure 15. 

Figu -^0 15 also shov/s the variations of theoretical exhaust 
velocity with increasing § . The Maxlmurj values of S for 

less than sonic velocity are 0.15 and 0*3 for the isother.'ial 
and adiabatic equatic.'i.s rcs^^eciively. ExperiuentaX iTJSults, 
shown in figure 7, indijutc a raaxir.:uni value of appro:; iaately 
0.4 for S before the cliokln.r effect of sonic velocity in the 
exit section reduces the overall performance. Since the 
experiinental value checks closely v/lth the adiabatic equation 
for the speed of sound in a mixture, the adiabatic assumption 
must very closely approach actual conditions* 
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RESULTS 



In order to siciilate a hydroduot iTUDving through the water a freo 
stroan of rrater was allowed to enter the nodol. This roetliod was adopted 
because of the ease of taking data and booause no towing oarriage was 
available for noving the duot through the water. It is somewhat dif- 
ferent from forcing water into the entrance by soma device, such as a 
flexible hose rigidly clamped to the duot. If the latter were done 
the duot would be similar to the nossle of a hose in that no matter 
wiiat pressure gradients were built up, the opcit end of the duct would 
be the only means of escape. On the other hand pressure occurring in 
a hydroduot moving through the vrator might force port of the water 
out throuE^ the entrance instead of the exit. By not having any 
connection betv;o0n the water pipe and the entrance actual conditions 
were simulated as closely as possible. In some runs both water and 
gas wore forood out of the forward end of the duct. 

Three diffuser sections were tested. The short, wide-angle 
diffusor shown in figure la, did not give good proosuro raoovery. When 
ouffioiont gas was injected into tlie mixing section however, enough 
back pressure was built up in tlio diffuser to prevent separation of 
flow from the wall. Under those conditions there was sufficient 
pressure recovery from the inlet to the injection sootion to obtain 
a satisfactory expansion of the gas in the outlet noszle. The dis- 
advantage of obtaining pressure by this means was that the pressure 
in the diffuser section forood part of the gas and vmter out through 
the entrance of the duct. The advantage of this typo of diffuser 
was that larro scale turbulence was produced in the mixing section. 
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This tarbulonoe oaused oomplete nixing of the gas and water, 
efficiency of the diffuser shown in figure lo was quite hif^, the 
pressure recovery being approximately 90^^. This diffuser did not 
produce ttirbulenoe in the mixing section however. Since the stream 
velocity at the -mixing section was only about 3 ft/seo at a water 
rate of 27.4 Ibs/eoo, the gas bubbles were 6.11oyred sufficient time 
to rise and collect in the upper part of tJie duct, with a result- 
ing decrease in performance of the duot,(yiguro 16). 

In order to obtain both pressure recovery and good mixing 
conditions, various devices for producing turbulence were installed 
in the diffuser and the mixing section. Figure lo shows a 2 l/2” 
I.D. steel pipe with a flange at one end. The turbulence caused by 
water from the pipe entering the 6". 25 diameter mixing section was 
comparable to the turbulence produced by the diffuser of figure la. 
However, in this case water and gas were not forced out t!io entrance 
to the duct. The disadvantages of the pipe were that it decreased 
the length of the diffuser and Increased the frictional drag of 
the duot. Figure 5 shows dovioes vdiich wore installed in the mixing 
seotlon to induce turbulence. Figure 6 shows the results obtained 
using these "turbulators". At a gas to water volume ration of 2.0, 
for hydrogen gas the gi*oss thrust obtained using the pattern of 
spheres was 15.4 lbs. compared to a gross tlirust of 13.2 lbs. using 
the grid of l/4” tubes under the same oonditions. For tlie same 
conditions, but mth no ”turbulator” installed, the gross thrust 
was only 11.9 lbs. 

Figure 3 indicates tlie results of experiments to determine the 
effects of bubble size of the gas injected on the performance of tho 
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duot. Fbur types of injectors shov;n in figure lb wore tested at 
both high and low water rates. The open end I/4” tubes gave ttio 
largest bubble size. Tubes with l/32" holes drilled along the sides 
gave the next largest bubbles. Tubes with No. 79 holes gave very 
STiall bubbles. Porous metal injectors produced numerous streams 
of fine bubbles. At low gas rates (rates for which a positive net 
thrust was not obtained) the results wore scattered. Contreuy to 
what might be expected, the open end tubes which produced tJie larg- 
est bubbles gave •ttio highest value of effective exhaust velocity. 

At high gas rates there was very little difference between the 
results obtained using the various injectors, indicating that for 
practical purposes the size of bubbles injeotod is not critical. 

Two general types of converging nozzles were used in the exit 
suction. The first type shown in figure 6a, had a small included 
angle and gave very smooth flow. Its length however was approx- 
imately one half the total duot length. As a result of this length 
and slow convergence, velocity increased relatively slowly from tho 
mixing seotion to tho exit and gas bubbles had time to rise. Large 
aocumlatione of gas in the top of the duot caused uneven performance. 

As a result of these experiments a second exit seotion was 
designed (figure 8). It had a much greater included angle which 
with its length of about one fourth total duot length causing 
very rapid velocity increase. With this short length and rapid 
convergence, bubbles, had no time to rise and smooth performance 
resulted. Other performance factors wore not affected by the shape 

I 

of tho convergent seotion. 

Various ratios of entrance area to exit area wore tested alrrtiys 
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Eaintaining the exit area (A4) greater tlian the entrance area (Al), 

Aa was expected, using large ratios of A4/A1 caused an increase in 
the amount of gas idiioh could bo injected at a given water flow rate. 
All exit areas used exhibited a choking phenomena when amounts of 
gas in excess of the maximum called for by the continuity equations 
were used. >Vhen ohoking oooured, pressures in the duot were built 
up and a large amount of spray was expelled from the entrance. 

It was found that this effect ooinoided with a leveling off of 
the gross thrust vs. ^ curve (figure lO). It is possible that if 
sufficient gas Tsere injected for a given area ratio and water 
flow, gross thrust would reach a maximum with increasing 5^ This 
condition was not reached experimentally. 

In the early experiments nuoh trouble was experionood with 
uneven performance. This effect v/as very apparent in •tine exhaust 
ntroan. Pressures ware built up at the exit section and expansion 
took place as the stream left the duot, causing a cone shaped spray 
exhaust (figure^ig). Calculation showed that a^ in a gas-v<*at 0 r 
mixture was quite low end it was decided to try a de Laval nozslo 
at tho exit. 

At low flow rates the de laval nozzles had no effect on per- 
formance as shown in the lower two curves In figure 9. These 
oompare results rdth and without a de Laval nozzle using H 2 gas 
and identical flow rates. Effective exhaust velocities were 
almost identical at all gas flow rates. The exhaust stream was 
straight with smooth performance and no spray effects. 

At high flow rates the nozzles gave a definite Inorease in 
performance. The three upper ourvos in figure 9 give a diroot 
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oon^arison between two different do Laval nozzles and no nozzle. 

At low values of ff - results vraro very similar with tho curve for 

S 

no nozzle lying between those with nozzles* At higher values of 
W , use of tho do Laval nozzle gave inoroaood values of tJeff. 

s 

Exhaust stroans wero smooth and hod no spray effects* Positive 
thrust was obtained for values of SX 10*^ Ib/oeo with effective 
exhaust velocities of the order of 70,000 ft/eeo using hydrogen gasj 
irtvax*© effective exhaust velocity is defined as thrust divided by the 
mass of gas injected per second* 

Study of figure 9 shows that increasing water flow rate at a 
steady gas flow rate increases the effective exhaust velocity* It 
water flow is maintained constant, increaaing the weiijht rate of 
gas flow causes a steady deoiease in effective exhaust velocity 
from an Initial peak. Thrust however increases with increasing M , 

O 

A direct compariaon between nitrogen and hydrogen is given 
in figure 10* Theoretically the two gases should give the same 
performance for the same volume flow rate* Experimentally Kg 
gave better performance than Hg in all cases* 
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13ie hydroduct body should consist of three fimctlonal parts — a 

diffuser, a mixing section, and an exit nozzle. The purpose of 1ihe 

\ 

diffuser is to convert the dynamic pressure of the water entering 
the duct to static pressure at the mixing section. At a constant 
water flow rate, the efficiency ot the diffuser determines the 
pressure in the mixing section, v.'hich corresponds to the combustion 
chamber pressure in a rocket motor, v-hen a largo volume of gas ie 
injected into the raixing section, the jirer.cure is increased. This 
creates a back pressure which tends to prevent eevjaratlon of flow 
from the diffuser walls. iVhen the flow separatee from the diffuser 
walls, gas is ollowed to escape from the inlet end of the duct. A 
well designed diffuser, in which the flop/ does not separate from 
the './alls, prevents this occurrence, except when the chamber pressure 
is sufficient to oveircorae the dynan ic pi-essure of the entering stream. 

The actual mixing section may be very short, since mixing may 
take place partly in the diffuser and exit secti ns. In an actual 
hydroduct, water reactive chemicals would probably be injected into 
the duct and gas would be generated in the mixing section. In 
expermintal work it is more convenient to inject gas into the duct 
through orifices. In order to best approximate theoretical 
conditions it is desirable to provide the {^aa well distributed in 
the water. Turbulence in the mixing section promotes good mixing 
and in^/roves the performance of the duct. 



The dlanieter of tha duct at the mixing aoction ic not critical* 
Too soall a diameter does not allow sufficient pros sure recovery; too 
la rye a diameter reduces tibe velocity so that turbulence and gjod 
nixing do not occur. 

■i The slxe of gas bubbles es they are injected into the duct 
has little effect on the performance. However, if the gas coalesces 
in large bubbles, much of it does not do work on the water and the 
performance is reduced. V/hen the velocity in the mixing section 
is below a certain oriticai value, a large part of the gas injected 
will rise and collect in the top of the duct. This yas will escape 
intenittently with a loud popping noise. Vthen thiu occurs, the 
thrust will fluctuate rapidly.. 

For each value of S » there is e theoretical optimum value 
of ^ sas were injected and there were no thrust, 

would be equal to and would be equal to If gas ie 

injected, then ehould be greater than Aj^. . At low valuea of S 
the theoretical optimum value of urea ratio gives the highest 
effective exhaust vclocitiea, but at high values of S the 
effective exhaust velocities are very nearly the same for different 
values of the area ratio. The reason for this is that the velocity 
of sound in the mixture is Kjaclied at high values of S , Since 

this velocity cannot be exceeded In a contracting nozzle, the 

/ 

exit velocity is very nearly the same for all reasonable values 
of the area ratio, hence the thrust is very nearly constant. 

The fact that sonic velocity is reached in the exit section 
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is further borne out by the fact that higii pressures are built 
up at the exit section^ causing the mixture to expand after 
leaving the duct, flhen a de Laval noz-le is added to the exit 
section, the thrust is incpeaeed and the operation of the duct 
Is noticeably smoother. 

For high gas rates, at whitfh positive net thrust is obtained 
the experimental perforroanoe is considerably lovrer t;.an the theory 
indicates. As the water rate is increased, the experimental 
results more nearly approach the theoretical, A water rate 
higher ^han any used in these experiments would probably give 
a further increase in performance. 

When a hydroduct is run at high gas rates, thj thrust 
increases aonotonically as the volume of gas injected is in- 
creased. This is due to the increase in the velocity of sound 
in the mixture as. the gas to water volume ratio is increased. 

Since the velocity of sound limits the exit velocity which can 
be obtained v-ith contracting noz2^.e, the exit velocity can 
only be increased by using a de Laval nozzle or by increasing 
the velocity of sound in the mixture. The latter possibility 
does not seem at all promising, because either the temperature 
of the gas or the mass ratio of gas to water would have to 
be increased by a large factor. 

The optimm area ratio of a de Laval nozzle Is e function 
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of S and tae ratio of the chaaher pressure to the ambient 
pressure. The chamber pressure can be increased by injecting 
more gas until the pressure In the chamber forces gas out the 
eatran-G of the duct. For a •viell designed diffuser this 
occurs when the static pressure in the chamber is high enough 
to overcome the dynamic pressure of the entering stream. In 
the teste performed the ratio of chamber pressure to ambient 
pressure was limited to small values, which limited the optlmuci 
area ratio of the nozzle used to a still smaller value. The 
nozzle which f}xre the best performance in the teats had an area 
ratio of only 1.26/1. 

In order to realize the potentialities of the hydroduot 
for high speed propulsion, it appears that a means of obtaining 
high chamber pressures without forcing gas out the entrance 
muet bo devised. With a chamber pressure of 600 psl. and 
an ambient pressure of 20 psl. , a de Laval nozzle with an 
urea ratio of 4/1 would be about the optimum. If the neoesary 
chamber pressure could be obtained, such a nozzle would probably 
give a sufficiently high exhaust velocity to obtain positive 
thrust considerably greater than that obtained at lower chamber 



pressure. 



BAJA FOB HIDS0G3M OA3 AT 69® F 
Ain) WATER RATE OF 80.9 Ft /sec. 
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/«* 10** 


Aa (Isothermal) Am (Adiabatic) 


D 4 






ft/aec. 


ft/aec. 


' ft/ sec 


.273 




.242 


82.6 


97.5 


86.0 


.361 




.312 


76.0 


89.0 


87.4 


.603 




.535 . 


70.0 


83.0 


91.0 


1.060 




.950 . 


68.0 


80.5 


98.4 


1.080 




.960 


67.7 


80.3 


98.7 


1.600 




1.350 


69.6 


82.3 


104.0 


2.140 




1.900 


72.1 


85.5 


114.0 


2.330 




2.070 


74.2 


87.8 


116.0 


4.180 




3.720 


86.0 


102.0 


138.0 


6.750 




6.000 


100.0 


119.0 


164.0 


9.000 


0 


7.200 


107.0 


126.0 


186.0 




Am = flig 


V/M-“ ri 
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for Isothermal case 
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for Adiabatic case 






Ag = 


V (1.40) (1718)(14.6)(519)' - 4250 ft/s«c. for Hp 


gas 
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at 59® 


F. 




Ag = 


V (1.40)(1718) 22 (519)’ 


s 1140 ft/sec. for jj 
' at 59® 


gas 
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DATA FOB laTBOOESJ GAS AT 69® F 
AND WATER BATE OF 80.9 ft. /sec. 



/Lx 10 



An (Isothenaal) An (Adiabatic) 



.293 


3.7 


82 




97 


.314 


3.9 


78 




92.3 


.460 


5.6 


73 




86.6 


.470 


5.8 


72.5 




85.8 


.600 


7.4 


69.6 


> 


82.6 


1.00 


12.5 


68.0 




80.5 


1.44 


18.0 


66.5 




81.0 


2.12 


26.4 


73.1 




86.5 
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Hg «aa 


Oae Reg. 
Pressure 
.X.l)s / A 


Oas 

lbs/ 

aec. 


‘feter 

lbs/ 

aec» 


Cross 

Thrust 

Ibs.^. 


Drag 

lba.__ 


Net 

Thrust 

Ibs. 


U eff. 
^t/xcc 


20 


.001415 


16.67 


3.6 


4.8 


-1.2 


81,900 


IM" Bxit 


40 


.00296 


16.67 


4.2 


4.8 


- .6 


45,600 


Diameter 


60 


.00385 


16.67 


5.1 


4.8 


+ .3 


42,600 


Ho Exp, 


80 


.00493 


16.67 


5.8 


4.8 


tI.O 


37,700 


Nozzle 


100 


.00655 


16.67 


6.4 


4.8 


t1.6 


31,600 


Copp, tubes ISO 
Small Holes 


.00896 


16.67 


6.8 


4.8 


t2.0 


24,400 



gas 


20 . 


.000762 


27.4 


4.7 


18.0 


-13.3 


198,000 


^^.Hozzls 


40 


.00253 


27.4 


10.2 


17.5 


- 7.3 


130,000 


1.44**to 1.76” 


60 


.00370 


27.4 


14.3 


17.5 


- 3.2 


124,000 


Copp.tub. 


80 


.00522 


27,4. 


16.3 


17.5 


- 1.2 


101,000 


Small Holes 


100 


.00714 


27.4 


19.0 


19.0 


0.0 


86,000 


- 


120 


.00787 


27.4 


19.0 


19.0 


0.0 


77,700 




140 


.00940 


27.4 


20.0 


19.0 


T 1.0 


68,500 



Hg gas 


40 


.010 


27.4 


6.7 


17.8 


-11.1 


21,600 


1.44 Jixlt 


60 


.016 


27.4 


9.9 


17.6 


-7.7 


20,000 


Diameter 


80 


.021 


27.4 


11.3 


17.6 


—6.2 


17,300 


Ho. Sxu. 


100 


.023 


27.4 


11.7 


18.5 


-6.8 


16,400 


Hozzle 


180 


.050 


27.4 


17.0 


17.8 


- .8 


10,900 


Copp. Tubes 














Small Holes 


















40 


.0107 


27.4 


7.7 


21.5 . 


-13.8 


23,200 




60 


.0164 


27.4 


11.7 


21.5 


- 9.8 


23,200 


Dxp.Hozsle 


80 


.0204 


27.4 


13.4 


21.5 


- 8.1 


21,000 


1.44”- 1.62** 


150 


.0344 


27.4 


18.0 


21.0 


- 3.0 


16,900 


Copr'. Tubes 


200 


,0492 


27.4 


19.5 


21.0 


- 1.5 


12,800 


Small Holes 


300 


.0724 


27.4 


23.0 


21.0 


4 2.0 


10,200 
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FIGURE I. HYDRODUCT SHAPES AND GAS INJECTION SYSTEMS 
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Fig. 2 
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Fig. 3 
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Fig. 6 
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RELATION BETWEEN THRUST AND VOLUME RATIO 8 ( 
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Fig. 7 
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FIGURE 8. HYDRODUCT SHAPE, GAS INJECTION 
SYSTEM , AND NOZZLES 
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Fig. 9 
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Fig. 10 
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Fig. II 
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Fig. 12 
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Fig. 13 
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FIGURE 16. EXIT SECTION SHOWING DISTRIBUTION OF GAS 
IN MIXTURE 
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FIGURE 17. EXHAUST STREAM 
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FIGURE 19. SECOND DESIGN , MIXTURE OF GAS AND WATER 
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